Experimental and numerical investigation of fracture in fillet welds by cross joint specimens  by Werner, Benjamin et al.
ScienceDirect
Available online at www.sciencedirect.com
 
Av ilable o line at www.sciencedire t.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016.  
XV Portuguese Conference on Fracture, PCF 2016, 10-12 February 2016, Paço de Arcos, Portugal 
Thermo-mechanical modeling of a high pressure turbine blade of an 
airplane gas turbine engine 
P. Brandãoa, V. Infanteb, A.M. Deusc* 
aDepartment of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
bIDMEC, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal 
cCeFEMA, Department of Mechanical Engineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1, 1049-001 Lisboa, 
Portugal  
Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of PCF 2016. 
Keywords: High Pressure Turbine Blade; Creep; Finite Element Method; 3D Model; Simulation. 
 
 
 
* Corresponding author. Tel.: +351 218419991. 
E-mail address: amd@tecnico.ulisboa.pt 
Procedia Struc ural Integrity 2 (2016) 2054–2067
Copyright © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license  
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review under responsibility of the Scientific Committee of ECF21.
10.1016/j.prostr.2016.06.258
10.1016/j.prostr.2016.06.258
 
Available online at www.sciencedirect.com 
ScienceDirect 
Structural Integrity Procedia 00 (2016) 000–000  
www.elsevier.com/locate/procedia 
 
2452-3216 © 2016 The Authors. Published by Elsevier B.V. 
Peer-review und r responsibility of the Scientific Committee of ECF21.  
21st European Conference on Fracture, ECF21, 20-24 June 2016, Catania, Italy 
Experimental and nume ical investigation of fracture in fillet welds 
by cross joint specimens 
Benjamin Wernera, Horst Heyera, Manuela Sandera,* 
aInstitute of Structural Mechanics (StM), University of Rostock, Albert-Einstein-Str. 2, D-18059 Rostock, Germany  
Abstract 
The load capacity of fillet welds is investigated experimentally and numerically in cross joint specimens with the objective of 
calibrating multiple failure criteria for the ductile fracture of weld metal. The cross joint specimens are composed of mild 
shipbuilding steel with plate thicknesses of 20 mm and 30 mm respectively. The fillet welds are manually produced by flux-cored 
arc welding, using the filler metal Elgacore MXX100. To achieve different stress states in the weld joints, forces in two different 
directions and moments about two different axes are applied separately on various specimens. A uniquely designed specimen is 
employed for each load scenario. For the numerical investigations, an appropriate discretization of the weld joints is established 
by taking into account the distribution of the metallographic structure with the weld metal and the heat-affected zone. The 
distribution of the different materials is determined by a macrosection of a weld joint. The material behavior, in terms of true 
stress-strain curves for the weld metal and the material of the heat-affected zone, is identified by hardness measurements. With 
the established discretization of the weld joints and true stress-strain curves of the different materials, the experimentally 
determined force-displacement curves are reproduced in finite element analyses. Furthermore, the Rice and Tracey (1969) failure 
criterion and the Gurson (1977) damage model are successfully calibrated for the weld metal. 
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1. Introduction 
Collisions between ships are a danger to human life and may lead to environmental pollution through the loss of 
cargo and the spillage of oil. Active measures such as electronic navigation aids help improve maritime traffic 
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safety. However, collisions still occur in frequently used waters and coastal areas, due to either human error or 
technical failure. Passive measures are necessary in order to increase the collision resistance of double hull 
structures and to ensure the structural integrity of ships. The collision resistance can be increased through alternative 
stiffening systems (e.g. Schöttelndreyer et al. (2013), Ringsberg and Hogström (2013) and Naar et al. (2002)). Plate-
strengthened stiffeners, developed by Röhr and Heyer (2007), are one such alternative stiffening system. 
Hereinafter, the German acronym PVPS, which stands for plattenverstärkte Profilsteifen, is used to refer to the 
alternative stiffening system. It is characterized by plating with a trapezoidal cross section on the bulb profiles of the 
outer shell (Fig. 1). The plating or the PVPS are connected to the bulb profiles by weld joints. The load capacity of 
these weld joints is important for the mode of operation of the alternative stiffening system in the case of a collision. 
Only if the load capacity of these weld joints is maintained at large plastic deformations of the double hull structure 
and at large penetration depth of the striking ship the alternative stiffening system PVPS will lead to a higher 
collision resistance compared to a conventional double hull. The fracture behavior of the weld joints between PVPS 
and bulb profiles under collision load has been numerically analyzed using the Rice and Tracey (1969) failure 
criterion as well as the Gurson (1977) damage model and the results of these analyses will be published soon. The 
present paper describes solely the experimental and numerical investigations of the calibration procedure for the 
weld metal through the Rice and Tracey failure criterion and the Gurson damage model. 
2. Experimental setup and specimens 
The ductile fracture of fillet weld joints is investigated by applying various load types onto four different cross 
joint specimens until failure occurs. Tensile forces in two different directions and bending moments about two 
different axes in relation to the fillet welds are applied on the specimens. The specimens are made of Grade A 
shipbuilding steel with 20 mm and 30 mm plate thickness. The weld joints are manually manufactured through gas 
metal arc welding with the filler metal Elgacore MXX100. The four different experiments are labeled as K1, K2, 
K3, and K4 respectively and are carried out on specifically designed specimens. The experiments K2 and K4 are 
performed three times, while K1 is done twice and K3 only once. 
 
Fig. 1. Section of a double hull structure with outer shell, bulb profiles, stringer decks and the alternative stiffening system PVPS 
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safety. However, collisions still occur in frequently used waters and coastal areas, due to either human error or 
technical failure. Passive measures are necessary in order to increase the collision resistance of double hull 
structures and to ensure the structural integrity of ships. The collision resistance can be increased through alternative 
stiffening systems (e.g. Schöttelndreyer et al. (2013), Ringsberg and Hogström (2013) and Naar et al. (2002)). Plate-
strengthened stiffeners, developed by Röhr and Heyer (2007), are one such alternative stiffening system. 
Hereinafter, the German acronym PVPS, which stands for plattenverstärkte Profilsteifen, is used to refer to the 
alternative stiffening system. It is characterized by plating with a trapezoidal cross section on the bulb profiles of the 
outer shell (Fig. 1). The plating or the PVPS are connected to the bulb profiles by weld joints. The load capacity of 
these weld joints is important for the mode of operation of the alternative stiffening system in the case of a collision. 
Only if the load capacity of these weld joints is maintained at large plastic deformations of the double hull structure 
and at large penetration depth of the striking ship the alternative stiffening system PVPS will lead to a higher 
collision resistance compared to a conventional double hull. The fracture behavior of the weld joints between PVPS 
and bulb profiles under collision load has been numerically analyzed using the Rice and Tracey (1969) failure 
criterion as well as the Gurson (1977) damage model and the results of these analyses will be published soon. The 
present paper describes solely the experimental and numerical investigations of the calibration procedure for the 
weld metal through the Rice and Tracey failure criterion and the Gurson damage model. 
2. Experimental setup and specimens 
The ductile fracture of fillet weld joints is investigated by applying various load types onto four different cross 
joint specimens until failure occurs. Tensile forces in two different directions and bending moments about two 
different axes in relation to the fillet welds are applied on the specimens. The specimens are made of Grade A 
shipbuilding steel with 20 mm and 30 mm plate thickness. The weld joints are manually manufactured through gas 
metal arc welding with the filler metal Elgacore MXX100. The four different experiments are labeled as K1, K2, 
K3, and K4 respectively and are carried out on specifically designed specimens. The experiments K2 and K4 are 
performed three times, while K1 is done twice and K3 only once. 
 
Fig. 1. Section of a double hull structure with outer shell, bulb profiles, stringer decks and the alternative stiffening system PVPS 
2056 Benjamin Werner et al. / Procedia Structural Integrity 2 (2016) 2054–2067
 Author name / Structural Integrity Procedia 00 (2016) 000–000  3 
 
Fig. 2. Welded cross joint specimens of the experiments (a) K1, (b) K2, (c) K3 and (d) K4 
In the experiment K1, the specimen is loaded with a tensile force crosswise to the weld joints (Fig. 2a). The width 
of the specimen, which is equal to the length of the fillet welds, is 58 mm. The horizontal plates are 30 mm thick 
while the vertical ones are 20 mm thick. 
The specimens used in the experiment K2 are composed of two vertical plates, each with a thickness of 20 mm. 
These two plates are clamped into the servohydraulic testing machine and connected by two additional plates with a 
thickness of 30 mm each (Fig. 2b). The four plates of the specimen are welded with eight fillet welds, each 80 mm 
long. In the experiments K1 and K2, the displacement is measured by the servohydraulic testing machine as well as 
by an extensometer. The extensometer has a gauge length of 120 mm and is centered vertically on the specimen (Fig 
3a). Both experiments are carried out with a load velocity of 0.1 mm/s.  
In experiment K3, the load of the specimen is applied through a four-point bending fixture, whereby the 
specimen has a horizontal position (Fig. 2c and 3b). The specimen consists of three plates, each with a thickness of 
30 mm and an overall length of 980 mm. 
 
Fig. 3. (a) Specimen of experiment K2 clamped in a servohydraulic testing machine; (b) four point bending fixture with a specimen of experiment 
K3; (c) specimen of experiment K3 with shortened fillet welds 
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To achieve failure in the weld joints through the applied bending moment, the fillet welds need to be shortened from 
their original length of 85 mm to 55 mm. All four weld joints are shortened about 15 mm by milling both sides (Fig. 
3c). 
The experiment K4 is carried out with specimens similar to those of experiment K3. The fillet welds run across 
the entire breath of the specimens, i.e. 85 mm, and have no shortened ends. Furthermore, unlike experiment K3, the 
specimens in experiment K4 have an upright position in the four-point bending fixture and are turned about 90° 
(Fig. 2d). 
The moment in the four-point bending fixture is applied to the specimens through cylindrical bearings each with 
a diameter of 38 mm, as shown in Fig. 3b. The bearings are characterized by a smooth surface that keeps the friction 
between the bending fixture and the specimen small. The central bearings are separated by a distance of 250 mm and 
the outer bearings by a distance of 700 mm. The four-point bending fixture is built into a stiff frame. Due to the 
stiffness, the deformation of the frame during an experiment is assumed to be negligible. The displacement of the 
bending fixture is generated by a servohydraulic testing cylinder and is applied to the specimens through the central 
bearings with a load velocity of 0.1 mm/s. The displacement of the central bearings is measured by four 
displacement transducers. 
3. Experimental results 
The force-displacement curves of the four experiments are crucial results of the investigations. In addition, the 
hardness of the weld joints of the cross joint specimens is measured multiple times to obtain the material behavior in 
terms of true stress-strain relations of the weld metal and the heat-affected zone. 
3.1. Force-displacement curves of the cross joint specimens 
Both of the force-displacement curves resulting from the experiment K1 have a nearly linear slope of force, going 
up to 300 kN and then turning into a plateau after a displacement of 0.5 mm (Fig. 4a). The test K1 c yields a 
maximum reaction force of 345 kN and the fillet welds lose their entire load capacity and fail at a displacement of 
1.6 mm. The course of the curve resulting from K1 a is similar to the force-displacement curve of K1 c. 
The three force-displacement curves resulting from the experiment K2 are nearly identical and have a maximum 
reaction force of 460 kN (Fig. 4b). The weld joints fail at displacements ranging from 2.37 mm to 2.55 mm. The 
displacements during the experiments K1 and K2 shown in Fig. 4 are acquired by the extensometer. 
 
Fig. 4. (a) Experimentally determined force-displacement curves along with a force-displacement curve of a finite element simulation applying 
the Rice and Tracey failure criterion of experiment (a) K1 and (b) K2 
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3.1. Force-displacement curves of the cross joint specimens 
Both of the force-displacement curves resulting from the experiment K1 have a nearly linear slope of force, going 
up to 300 kN and then turning into a plateau after a displacement of 0.5 mm (Fig. 4a). The test K1 c yields a 
maximum reaction force of 345 kN and the fillet welds lose their entire load capacity and fail at a displacement of 
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Fig. 5. (a) Experimentally determined force-displacement curves along with a force-displacement curve of a finite element simulation applying 
the Rice and Tracey failure criterion of experiment (a) K3 and (b) K4 
The force-displacement curve resulting from the experiment K3 is characterized by a nearly linear course going 
up to 5 mm and from 9 mm to 16 mm (Fig. 5a). The maximum reaction force of 43 kN is reached at 16.8 mm 
displacement and failure subsequently occurs in one of the weld joints. 
Compared to the experiment K3, the force-displacement curves resulting from the experiment K4 have 
substantially greater reaction forces of 140 kN (Fig. 5b). The course of the force-displacement curve in K4 c is 
similar to those in K4 a and K4 b, though it differs in terms of the maximum reaction force and the displacement at 
the fracture of the weld joint. The force-displacement curves of K4 a and K4 b are nearly identical and have a 
maximum reaction force of 130 kN. These differences are assumed to exist due to a slightly greater throat thickness 
of the specimens weld joints. Ductile fracture occurs in all three tests at displacements between 5.0 mm and 5.5 mm.  
3.2. Hardness measurements of the weld joints 
To investigate the hardness and the shape of the cross section of the fillet welds, a sample of a macrosection is 
taken from one cross joint specimen, as shown in Fig. 6a. The heat-affected zone in the macrosection, which 
surrounds the weld metal, can be seen through a comparatively darker metallographic structure. In addition, the path 
of the hardness measurement is visible through imprints. The Vickers hardness is measured by using a loading force  
 
Fig. 6. (a) Vickers hardness measurements across a fillet weld of the cross joint specimens with 98.1 N loading force; (b) Vickers hardness 
measurements of path 1 and 2 across the heat affected zone with 9.81 N loading force 
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of 98.1 N and a 10-second time duration. A maximum hardness of 330 HV is obtained in the heat-affected zone, 
while in the weld metal the hardness is approximately 255 HV. Since the maximum value of 330 HV appears only 
on one side of the weld joint, the hardness of the heat-affected zone is determined by using a load force of 9.81 N on 
two additional paths (Fig. 6a and Fig. 6b). These paths start in the base material and continue across the heat-
affected zone into the weld metal. In the heat-affected zone, maximum hardness levels of 330 HV and 360 HV are 
obtained. Both paths confirm the typical behavior of higher hardness levels in the heat-affected zone compared to 
the weld metal and the base material. 
3.3. True stress-strain relations 
The base material is a mild Grade A shipbuilding steel. For the numerical investigations, a true stress-strain 
relation is applied, determined by tensile tension tests with flat tensile specimens manufactured from a batch of 
Grade A shipbuilding steel sheets, of 10 mm thickness. The true stress-strain relation is described by using a 
modified version of the weighted average method by Ling (1996). In this method, true stress-strain curves are 
simply described analytically up to the point of necking. In the post-necking range, a weighted average is defined 
between the Hollomon equation (σ = Kεn) and a linear function with the slope of the true stress-strain curve at 
necking. A detailed description of the approach can be found in the works of Ling (1996) and Werner et al. (2015). 
The stress-strain curve of the Grade A shipbuilding steel is depicted in Fig. 7a. 
The stress-strain relation for the weld metal is determined through experimental investigations of round tensile 
specimens. To manufacture the round tensile specimens, two plates of Grade A shipbuilding steel are joined through 
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This curve is characterized by a yield stress of 530 MPa, a hardening exponent of n = 0.11, and a weighting factor of 
w = 0.46. It is shown as a black curve in Fig. 7a. In the experimental investigation of the round tensile specimens of 
the weld metal, an ultimate strength of 635 MPa is determined. Using the revaluation table according to DIN 50150 
(1976), the measured hardness value of 255 HV can be transformed into an ultimate strength value of 820 MPa. In 
order to take the difference of the material behavior in the numerical analysis of the cross joint specimens into 
account, the true stress-strain curve of the weld metal is modified. The modified stress-strain relation is described 
through the Hollomon equation in the range of uniform strain. The yield stress of 530 MPa and the hardening 
exponent n = 0.11 remain unchanged and an ultimate strength value of 820 MPa is used. The post-necking range is 
determined by the weighted average method by Ling (1996), using a weighting factor w = 0.46, i.e. the same as the 
original true stress-strain curve of the weld metal. The resulting stress-strain curve is plotted in green in Fig. 7a. 
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The stress-strain curve of the heat-affected zone is determined by the hardness measurement shown in Fig. 6. 
According to DIN 50150 (1976), the hardness value of 330 HV corresponds to an ultimate strength value of 1060 
MPa. Furthermore, a yield stress is calculated by 
2
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       (1) 
according to He et al. (2007), whereby the yield stress is determined from the hardness and the Young’s modulus. In 
the same manner as the modified true stress-strain curve of the weld metal, the post-necking range of the true stress-
strain relation is described by the weighted average method by Ling (1996), using an assumed weighting factor 
w = 0.5 (Fig. 7a). 
4. Numerical investigations of the welded cross joint specimens 
The cross joint specimens are numerically investigated using LS-Dyna. For the investigation of the experiments 
K1 and K2, symmetry in three directions is used for the finite element models, so that only one-eighth of the whole 
specimen is needed (Fig. 8a and Fig. 8b). For the numerical investigation of the experiments K3 and K4, the finite 
element models are reduced to a quarter of the specimen through symmetry conditions (Fig. 8c and Fig. 8d). In the 
numerical models, the cylindrical bearings of the four-point bending fixture are represented through rigid cylindrical 
bodies. For the contact condition between the specimen and the bearing the Coulomb friction with a friction 
coefficient of µ = 0.15 is assumed. In the finite element investigations, the rigid body motions are suppressed by 
means of contact and symmetry conditions. The displacement is applied with a load velocity of 100 mm/s onto the 
nodes of the upper cross sections of the finite element models for the experiments K1 and K2 as well as onto the 
central bearings in the models for K3 and K4. 
Since the hardness tests of the weld joints indicate a different material behavior of the heat-affected zone 
compared to the weld metal and the base material, the heat-affected zone is taken into account in preliminary 
numerical investigations. In these numerical investigations, an influence of the heat-affected zone on the force-
displacement curves is apparent compared to numerical analyses that do not take the heat-affected zone into 
consideration. Therefore, it is necessary to consider the heat-affected zone to reproduce the experimentally 
determined force-displacement curves in the most accurate manner. An initial shape of the weld joint cross section 
(weld metal and heat-affected zone) for the numerical investigations is taken from the macrosection (Fig 9c). To  
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Fig. 9. (a) Discretization of the weld joint with approximately 0.5 mm element size; (b) weld joint measurements for the numerical analyses; (c) 
macrosection of one weld joint of the cross joint specimens 
determine the final shape of the weld joint cross section, two different geometries and different positions in regard to 
the two plates are proven. The shape of the weld joint cross section in Fig. 9a delivers the best results. This weld 
joint has a throat thickness of 3 mm and is surrounded by a heat-affected zone that is approximately 1 mm in width 
(Fig. 9b). 
The specimens are discretized by using solid elements with an element size of approximately 0.5 mm at the weld 
joint and the surrounding area and increases up to 4.5 mm at the edges. The element type is characterized through 
one integration point per element, which tends to zero energy modes and the hourglass effect respectively. This 
phenomenon is avoided by adding an artificial stiffness to each element by the finite element software.  
4.1. Rice and Tracey 
Rice and Tracey analytically investigated the behavior of a spherical void in an ideal plastic material in a triaxial 
stress field. Through their investigations, they determined a relation between the ductility of the material up to the 
point of failure and the hydrostatic stress, whereby the ductility decreases with increasing hydrostatic stress. 
Hancock and Mackenzie (1976) and Atkins (1997) express the Rice and Tracey failure criterion as a function of the 
fracture strain 
31.65 exp 2f cr T 
    
         (2) 
depending on the stress triaxiality T and assuming a proportional stress state. The failure criterion is implemented 
through a damage integral 
1 3exp1.65 2cr
D T d
               (3) 
which describes the accumulated damage of an element. An element gets deleted after D reaches unity. The failure 
criterion is calibrated onto the material and adjusted to the element size through the critical strain εcr. 
In the numerical investigations of the welded cross joint specimens, the critical strain is determined by the 
experiment K1 with εcr = 0.34. Due to the calibration of the failure criterion with the experiment K1, both force-
displacement curves and especially the displacement at failure are well reproduced in the finite element simulations 
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macrosection of one weld joint of the cross joint specimens 
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the two plates are proven. The shape of the weld joint cross section in Fig. 9a delivers the best results. This weld 
joint has a throat thickness of 3 mm and is surrounded by a heat-affected zone that is approximately 1 mm in width 
(Fig. 9b). 
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joint and the surrounding area and increases up to 4.5 mm at the edges. The element type is characterized through 
one integration point per element, which tends to zero energy modes and the hourglass effect respectively. This 
phenomenon is avoided by adding an artificial stiffness to each element by the finite element software.  
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Rice and Tracey analytically investigated the behavior of a spherical void in an ideal plastic material in a triaxial 
stress field. Through their investigations, they determined a relation between the ductility of the material up to the 
point of failure and the hydrostatic stress, whereby the ductility decreases with increasing hydrostatic stress. 
Hancock and Mackenzie (1976) and Atkins (1997) express the Rice and Tracey failure criterion as a function of the 
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through a damage integral 
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which describes the accumulated damage of an element. An element gets deleted after D reaches unity. The failure 
criterion is calibrated onto the material and adjusted to the element size through the critical strain εcr. 
In the numerical investigations of the welded cross joint specimens, the critical strain is determined by the 
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(Fig. 4a). The initial crack results in a drop or decline of the reaction force in the numerical investigation at a 
displacement of 1.4 mm. The crack in the weld metal grows from the welding gap through the weld joint. The crack 
initiation is located close to the outside of the specimen and is highlighted through white elements in Fig. 10a. With 
increasing load the crack grows through the weld joint (gray elements in Fig. 10a) in a small range of displacement 
and loses its load capacity. Fig. 7b shows the path of the plastic strain ε over the stress triaxiality T of the element at 
the location of crack initiation in the weld joint as well as the limiting curve of the failure criterion. The stress 
triaxilaity increases steadily up to T = 2 through the load history and the plastic strain reaches ε = 4. 2%. 
By employing the failure criterion according to Rice and Tracey to the experiment K2 with a critical strain of 
εcr = 0.34, the numerically determined force-displacement curve reproduces the experimental results with a limited 
correlation. The numerically determined force-displacement curve has a steadily increasing course of reaction force, 
whereas the results of the experiment show a maximum reaction force at a displacement of 1.6 mm (Fig. 4b). At a 
displacement of 1.48 mm, cracks appear at the welding gap from both ends of the fillet welds. The cracks grow 
slowly with increasing load and at a displacement of 2.9 mm they are still locally restricted to the two ends of the 
weld joint. The weld joint and one of the plates of the specimen are shortened by about 5 mm after the welding 
process. In Fig. 8b, the shortened plate, shown in green, is milled flat onto the yellow plate. The milling of the 
specimen can also be seen in Fig. 3a. One of the initial cracks in the numerical investigation occurs in the flat-milled 
area at the root of the weld joint and is highlighted by white elements on the right hand side of Fig. 10b. The 
element at the location of crack initiation is characterized by a stress triaxility of T = 0.56 and a plastic strain of 
ε = 40% (Fig. 7b). At the same displacement (1.48 mm), a crack appears in the fillet weld at the welding gap at the 
other end of the weld joint (left in Fig. 10b). The stress state differs distinctly compared to the flat-milled area and is 
characterized by a stress triaxiality of T = 1.17 and a plastic strain of ε = 12.6% at failure (Fig. 7b). 
Applying the Rice and Tracey failure criterion to the numerical analysis of experiment K3, fracture of the weld 
joint is predicted at a displacement of 13.7mm and loses the entire load capacity at 14.5 mm (Fig. 5a). Failure of the 
weld joint occurs in the finite element simulation at a smaller displacement compared to the experimental results 
with a displacement of 17.7 mm at fracture. In the displacement range of 3.8 mm to 11 mm, slight differences are 
visible between the experimentally and numerically determined force-displacement curves. The initial crack grows 
from the welding gap (white elements in Fig. 11a) into the weld joint. With increasing displacement of the 
cylindrical central bearings, the crack grows uniformly over the entire width of the specimen through the weld joint 
(gray elements in Fig. 11a). The stress triaxiality of the element at the location of crack initiation increases steadily 
before failing at T = 1.63 and a plastic strain of ε = 7.5% (Fig. 7b). 
The force-displacement curve of the numerical investigation of experiment K4 is characterized by a high 
correlation with the experimentally determined force-displacement curves in experiments K4 a and K4 b (Fig. 5b). 
The onset of failure in the weld joint at 3.2 mm displacement causes oscillations in the force-displacement curve. 
Final failure takes place at 4.4 mm displacement. Due to the position of the specimen in the four-point bending 
 
Fig. 10. (a) Location of crack initiation (white) at the weld joint in the finite element simulation of experiment K1 and the following crack path 
through the fillet weld (gray); (b) Two locations of crack initiation at the weld joint in the finite element simulation of experiment K2 highlighted 
through white elements 
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Fig. 11. Location of crack initiation (white) at the weld joints and the following crack path through the fillet welds (gray) in the numerical 
analysis of experiment (a) K3 and (b) K4 
fixture, the crack grows in longitudinal direction of the weld joint. The initial crack appears on the opposite side of 
the central bearings (blue in Fig. 8d). The location of the initial crack is highlighted using white elements in 
Fig. 11b. Due to the load direction of the specimen, the crack grows from the location of initiation to the other side 
of the specimen. It is illustrated in an initial state using gray elements in Fig. 11b. The stress state at the location of 
crack initiation is almost identical to the results of the numerical investigation of the experiment K1 (Fig. 7b). The 
stress triaxiality increases up to T = 2.17, while the plastic strain reaches ε = 3.6% at failure. 
4.2. Gurson 
The damage model according to Gurson (1977) is used often and in various ways to predict failure in porous 
materials through nucleation and growth of voids (Dunand and Mohr (2011), Xue et al. (2010), Xue et al. (2013), 
Nègre et al. (2004), Nielsen and Tvergaard (2010) and Zhou et al. (2014)). The porosity of a material is described by 
an approach based on continuum mechanics through the effective void volume fraction. Whereby the yield condition  
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of the Gurson damage model depends on *f , the von Mises equivalent stress σvM, and the hydrostatic stress state σm. 
Tvergaard (1981) introduced the parameters q1, q2, and q3 into the yield condition and showed that, in numerical 
investigations, the values of q1 = 1.5, q2 = 1, and q3 = q12 reproduce the hardening behavior more accurately than the 
original yield condition by Gurson, wherein q1 = q2 = q3 = 1. The function of the effective void volume fraction 
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is subdivided into the range for values less than or equal to the critical void volume fraction fc and for the range of 
values f > fc modified by Tvergaard and Needleman (1984). Apart from fc, the yield condition parameter q1 and the 
void volume fraction at fracture ff are included. On reaching the critical void volume fraction fc, the load capacity of 
the material declines, till it vanishes entirely when *f = ff. The increment of the void volume 
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is subdivided into the range for values less than or equal to the critical void volume fraction fc and for the range of 
values f > fc modified by Tvergaard and Needleman (1984). Apart from fc, the yield condition parameter q1 and the 
void volume fraction at fracture ff are included. On reaching the critical void volume fraction fc, the load capacity of 
the material declines, till it vanishes entirely when *f = ff. The increment of the void volume 
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comprises an increment of the growing process of existing voids as well as an increment of nucleation. The 
incremental character of the values is represented by the time derivative. The incremental growth of the existing 
voids  
 1g kkf f               (7) 
is calculated from the first invariant of the plastic strain kk which corresponds with the volume dilatation. The increment of nucleation 
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is calculated from the plastic strain rate   and the existing void volume fraction through nucleation fn. Furthermore, 
the equation includes the normal distribution specified by Gauss with the standard deviation sn and the average value 
εn.  
Nahshon and Hutchinson (2008) extended the Gurson-Tvergaard-Needleman damage model for softening under 
shear stress. Softening under shear load occurs solely through the deformation and rotation of voids and is therefore 
different from the process of softening under tensile load with growth and nucleation of voids. Nahshon and 
Hutchinson (2008) defined the incremental growth of voids 
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as an effective damage value and extended gf  by a second mathematical term describing the damage due to shear load. In equation (9) controls the material parameter kω the magnitude of damage. The equation also includes the 
void volume fraction f, the function ω(σ), the deviatoric stress sij, the plastic strain rate  , as well as the equivalent 
von Mises stress σvM. The function 
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describes the dependency of the third invariant J3 of the deviatoric stress tensor and assigns values between 0 and 1. 
The axisymmetric stress state is characterized by ω = 0 and with ω = 1 a stress state with shear is present which can 
be superimposed by a hydrostatic stress state. 
The yield condition parameters q1, q2, and q3 introduced by Tvergaard (1981) are identified iteratively in some 
calibration procedures of the Gurson damage model by adjusting the numerically determined force-displacement 
curves according to the results of the experiment, for instance of tensile tension tests (Dunand and Mohr (2011), 
Tvergaard and Needleman (1984)). Another option to determine the yield condition parameters is the numerical 
investigation of a unit volume. A certain load is applied on a unit volume with a discrete spherical void by using the 
von Mises yield condition. Furthermore, a unit volume is investigated with a continuum mechanic approach, and 
therefore without the spherical void, using the Gurson damage model. Since the damage model includes the void 
volume through the continuum mechanic value of the effective void volume fraction *f , the yield condition 
parameter can be estimated by comparing the two simulations. In the present paper, for the numerical investigations 
of the cross joint specimens by using the Gurson damage model, the yield condition parameters are chosen as 
q1 = 1.5 and q2 = 0.9, following Tvergaard and Needleman (1984) and Nielsen and Tvergaard (2010). The force 
deformation behavior of the experimental results can be reproduced with these values. 
In the numerical investigations of the cross joint specimens, the Gurson damage model is applied without using 
the parameters concerning nucleation (fn, εn, and sn), as suggested by Xue et al. (2010), Nahshon and Hutchinson 
(2008), and Nahshon et al. (2014). The initial void volume fraction f0 is assumed to be 0.001 according to Xue et al. 
(2010). 
The force-displacement curves of the experiment K1 are reproduced with the parameters fc = 0.0018, ff = 0.002 
and the shear damage parameter kω = 2 (Fig. 12a) whereby the determination of the parameter kω is explained later. 
The location of crack initiation in the numerical analysis of the experiment K1 is identical to the results of the 
simulation using the Rice and Tracey failure criterion. The crack continues to grow through the weld metal as load is 
increased (Fig. 10a). 
Similar to the numerical analysis of the experiment K2 with the Rice and Tracey failure criterion, the 
experimentally determined force-displacement curves are reproduced with a limiting correlation by using the 
Gurson damage model (Fig. 12b). With increasing shear damage parameter kω, the weld joint in the numerical 
analysis of K2 tends to fail at smaller displacements. With values of kω = 0 and kω = 1, a crack initiation appears in 
the weld joint but grows slowly with the increasing load, resulting in a steadily increasing reaction force in both 
numerical analyses. At kω = 2 and kω = 3, the loss of the load capacity of the weld joint is predicted at a displacement 
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The yield condition parameters q1, q2, and q3 introduced by Tvergaard (1981) are identified iteratively in some 
calibration procedures of the Gurson damage model by adjusting the numerically determined force-displacement 
curves according to the results of the experiment, for instance of tensile tension tests (Dunand and Mohr (2011), 
Tvergaard and Needleman (1984)). Another option to determine the yield condition parameters is the numerical 
investigation of a unit volume. A certain load is applied on a unit volume with a discrete spherical void by using the 
von Mises yield condition. Furthermore, a unit volume is investigated with a continuum mechanic approach, and 
therefore without the spherical void, using the Gurson damage model. Since the damage model includes the void 
volume through the continuum mechanic value of the effective void volume fraction *f , the yield condition 
parameter can be estimated by comparing the two simulations. In the present paper, for the numerical investigations 
of the cross joint specimens by using the Gurson damage model, the yield condition parameters are chosen as 
q1 = 1.5 and q2 = 0.9, following Tvergaard and Needleman (1984) and Nielsen and Tvergaard (2010). The force 
deformation behavior of the experimental results can be reproduced with these values. 
In the numerical investigations of the cross joint specimens, the Gurson damage model is applied without using 
the parameters concerning nucleation (fn, εn, and sn), as suggested by Xue et al. (2010), Nahshon and Hutchinson 
(2008), and Nahshon et al. (2014). The initial void volume fraction f0 is assumed to be 0.001 according to Xue et al. 
(2010). 
The force-displacement curves of the experiment K1 are reproduced with the parameters fc = 0.0018, ff = 0.002 
and the shear damage parameter kω = 2 (Fig. 12a) whereby the determination of the parameter kω is explained later. 
The location of crack initiation in the numerical analysis of the experiment K1 is identical to the results of the 
simulation using the Rice and Tracey failure criterion. The crack continues to grow through the weld metal as load is 
increased (Fig. 10a). 
Similar to the numerical analysis of the experiment K2 with the Rice and Tracey failure criterion, the 
experimentally determined force-displacement curves are reproduced with a limiting correlation by using the 
Gurson damage model (Fig. 12b). With increasing shear damage parameter kω, the weld joint in the numerical 
analysis of K2 tends to fail at smaller displacements. With values of kω = 0 and kω = 1, a crack initiation appears in 
the weld joint but grows slowly with the increasing load, resulting in a steadily increasing reaction force in both 
numerical analyses. At kω = 2 and kω = 3, the loss of the load capacity of the weld joint is predicted at a displacement 
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Fig. 14. Location of crack initiation in the weld joint of the numerical investigation using the Gurson damage model of experiment K2 (a) at the 
upper end of the weld joint and (b) at the flat mild area 
of 2.7 mm and 2.4 mm respectively. The numerical analysis with kω = 3 and a displacement of 2.4 mm at failure is 
in the range of the experimentally determined force-displacement curves, whereby the simulation with kω = 2 
reproduces the loss of load capacity at a larger displacement. In the numerical analysis with kω = 2, crack initiation 
appears on both ends of the weld joint. At a displacement of 1 mm, a crack starts to grow from the welding gap on 
the upper end of the weld joint (Fig. 8b) and is highlighted using white elements in Fig. 14a. At a displacement of 
1.72 mm, a crack starts forming in the flat-milled area mentioned above (Fig. 14b) and leads to a change in the 
course of the force-displacement curve, from a steadily increasing course to an almost horizontal course. 
The influence of the shear parameter kω on the force-displacement curves of the experiments K3 and K4 can be 
seen in Fig. 13. The force-displacement curve of the experiment K3 is reproduced with a slight deviation between 
4 mm and 10 mm displacement in the finite element simulations. The displacement of 17.7 mm at the point of 
failure of the weld joint in the experiment is not reached in all four simulations. With an increasing shear damage 
parameter kω, the displacement at the point of failure of the weld joint decreases. The same tendency can be 
recognized in the numerically determined force-displacement curves of experiment K4, whereby kω has a smaller 
influence on the displacement at the point of failure (Fig. 13b). The force-displacement curves of the finite element 
simulations are almost identical to the results of K4 a and K4 b up to a displacement of 3.8 mm.  
5. Conclusion 
Since the critical strain εcr of the Rice and Tracey failure criterion and the parameters fc and ff of the Gurson 
damage model are calibrated with the force-displacement curves of the experiment K1, the results of the experiment 
are properly reproduced in the numerical analyses. Furthermore, the force-displacement curves of the experiment K4 
are predicted with good correlation in the finite element simulations, but failure of the weld joint occurs at a smaller 
displacement compared to the experiment. The experimental results of K2 and K3 are reproduced with obvious 
differences in the finite element simulations. These differences are attributed to the assumption of identical shapes 
of the weld joint cross sections in all numerical models, though they might actually differ in the specimens. 
Furthermore, the true stress-strain relations of the weld metal and the heat-affected zone are determined by hardness 
measurements and consequently have a degree of uncertainty. The metallographic structure of the weld metal and 
the heat-affected zone possibly varies in the different specimens due to distinct cooling processes while welding and 
leads to different material behaviors. The discretization with an element size of 0.5 mm of the weld joint might be 
too coarse to reproduce the notch geometry of the welding gap. This can have a significant influence on the 
numerically determined force-displacement curves, since the location of crack initiation of the weld joints is at the 
welding gap in all finite element simulations. 
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Despite the challenges of reproducing the experimental results in numerical analyses, the Rice and Tracey failure 
criterion  and the Gurson damage model are both suitable for reproducing failure of the welded cross joint 
specimens. 
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